To date, functional genomic studies have been confined to either cell-based assays or germline mutations, using transgenic or knockout animals. However, these approaches are often unable either to recapitulate complex biologic phenotypes, such as tumor metastasis, or to identify the specific genes and functional pathways that produce serious diseases in adult animals. Although the transcription factor NF-B transactivates many metastasis-related genes in cells, the precise genes and functional-pathways through which NF-B regulates metastasis in tumor-bearing hosts are poorly understood. Here, we show that the systemic delivery of plasmidbased ribozymes targeting NF-B in adult, tumor-bearing mice suppressed NF-B expression in metastatic melanoma cells, as well as in normal cell types, and significantly reduced metastatic spread. Plasmid-based ribozymes suppressed target-gene expression with sequence specificity not achievable by using synthetic oligonucleotide-based approaches. NF-B seemed to regulate tumor metastasis through invasion-related, rather than angiogenesis-, cellcycle-or apoptosis-related pathways in tumor-bearing mice. Furthermore, ribozymes targeting either of the NF-B-regulated genes, integrin ␤3 or PECAM-1 (a ligand-receptor pair linked to cell adhesion), reduced tumor metastasis at a level comparable to NF-B. These studies demonstrate the utility of gene targeting by means of systemic, plasmid-based ribozymes to dissect out the functional genomics of complex biologic phenotypes, including tumor metastasis.
N
F-B, a proximal regulator of gene expression, seems to play an important role in tumor progression (1) (2) (3) . However, the primary target genes and functional pathways through which it mediates tumor progression are unclear, because NF-B has been shown to regulate tumor cell apoptosis (4), cycling (5) , and adhesion (6) , as well as tumor angiogenesis (7) . Recent results from in vitro studies suggest that blocking NF-B gene expression in tumors expressing wild-type p53 (such as B16-F10 melanoma cells (8) may actually increase tumor growth (9) , further complicating the role of NF-B in tumor progression. In addition, NF-B has been shown to transactivate a number of genes that produce significant antimetastatic effects (including interleukin-2, interleukin-12, and granulocyte macrophage-colony stimulating factor; ref. 1). Thus, the overall function of NF-B in metastasis, as well as the critical pathway(s) through which it actually controls metastatic spread in tumor-bearing hosts, remains unclear. The use of targeted disruption of selected genes in embryonic stem cells to generate knockout mice is commonly attempted to identify gene function in animals. However, knockout technology can disrupt important developmental pathways, produce in utero lethality, and has a limited ability to recapitulate complex phenotypes such as tumor metastasis. Conversely, systemic, ribozyme-based gene targeting in adult mice does not interfere with development, obviates in utero lethality, and should permit the assessment of the targeted gene's function in virtually any biologic setting. Moreover, gene targeting via efficient, long-expressing DNA plasmids encoding ribozymes should circumvent the major limitations (nonspecific activity, short duration of action and expense) associated with the use of synthetic phosphorothioate oligodeoxynucleotides (10) .
We used systemic administration of cationic liposome: DNA complexes (CLDC) to deliver and express plasmid-based hammerhead ribozymes targeting a variety of putative tumor-progression genes directly in tumor-bearing animals. We targeted NF-B to assess its overall role in the metastatic phenotype and the critical functional pathway (apoptosis, cell cycle, angiogenesis, or invasion) through which NF-B regulates metastasis. Furthermore, we used CLDC-based ribozyme targeting to identify NF-B-regulated genes that mediate the effects of NF-B on metastasis in tumorbearing hosts. Systemic delivery of plasmid-based ribozymes targeting NF-B-p65 into adult mice blocked NF-B expression in metastatic tumor cells, as well as in vascular endothelial cells, a critical normal cell type that regulates both tumor angiogenesis and tumor invasion (11) . Conversely, p65-knockout mice die in utero (12) , thereby precluding their use to evaluate phenotypes manifested primarily in adult life, such as tumor metastasis. The systemic, plasmid-based approach for expressing ribozymes was only recently made possible through the development of improved cationic liposome formulations and an Epstein-Barr virus (EBV)-based expression plasmid that can express delivered genes at therapeutic levels for prolonged periods in immunocompetent mice. Specifically, i.v.-injected CLDC can now transfect the majority of both lung vascular endothelial cells (13) and melanoma cells metastatic to lung (8) . In addition, we used an EBV-based expression plasmid containing both the Epstein-Barr virus-encoded nuclear antigen (EBNA)-1 cDNA and the EBV family of repeats sequence. This plasmid substantially prolongs the expression of delivered genes at therapeutic levels in adult animals (14) . Although the utility of ribozyme targeting to identify gene function in cells is well established (15, 16) , the development of a systemic ribozyme-based approach to identify gene function in animals has been lacking.
Materials and Methods
Plasmid Construction. The plasmid backbone pVector used for plasmid construction has been described (14) . Construction and preparation of control plasmids containing the luciferase and murine angiostatin cDNAs was also described (8) . DNA encoding various ribozymes was inserted into the Pst I-Not I site of the plasmid's multiple-cloning site. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
ribozyme DNAs used for cloning were p65-R, 3Ј-CTCCA-CAAAGCAGGAGTGCCTGAGTAGTCAAAGTG-5Ј, targeting the GUA sequence at position 740 of murine p65; p50-R, 3Ј-GTTTACAAAGCAGGAGTGCCTGAGTAGTCAGTA-AA-5Ј, targeting the GUU sequence at position 328 of murine p50; anti-␤ 3 ribozyme, 3Ј-CTACCCAAAGCAGGAGTGCCT-GAGTAGTCAGGTCC-5Ј, targeting the GUC sequence at position 11 of murine ␤ 3 ; anti-PECAM-1 ribozyme, 3Ј-TTTCACCAAAGCAGGAGTGCCTGAGTAGTCTTCTCT-5Ј, targeting the GUC sequence at position 1,247 of murine PECAM-1; and anti-FLK-1 ribozyme, 3Ј-TTTGAACAAAG-CAGGAGTGCCTGAGTAGTCAATTTA-5Ј, targeting the GUC sequence at position 942 of murine FLK-1. B16-F10 cells were grown and CLDC using the liposome DOTMA was prepared as described (8) . Stable transformants were generated by cotransfection of 2 ϫ 10 5 B16-F10 cells with 2 g of p65-R and 0.2 g of a neomycincarrying plasmid and complexed with DOTIM:cholesterol in a 1:4 ratio. Cells were plated on 60-mm dishes in RPMI medium 1640͞5% FBS, cultured at 37°C; after 48 h, the cells were resuspended in G418 (800 g͞ml) selection media. The media was changed every 3 days, and after 3 weeks, a few growing colonies were isolated and grown in RPMI medium 1640͞5% FBS. The cells were resuspended 24 h later in G418 selection media, and the presence of ribozyme DNA was confirmed by PCR analysis after DNA extraction.
Murine Studies. Individual C57Bl6 (Simonsen Laboratories, Gilroy, CA) 8-week-old female mice in groups of eight were injected i.v. on day 0 with 25,000 B16-F10 cells and on day 7 with 200 l of CLDC (i.v.) containing 650 nmol of pure DOTMA MLV complexed to 25 g of p-angiostatin, p-65-R, or p-LUC. Mice were killed 30 days later and processed as described (8) . For reverse transcription (RT)-PCR and immunohistochemistry, CLDC containing the same control or ribozyme sequences were injected again 1 day before killing. For in vivo nested RT-PCR, total RNA was isolated from homogenizing tumor-bearing lungs and purified by Ultraspec RNA Isolation System (Biotecx Laboratories, Houston). Five micrograms of RNA was used as the starting material for reverse transcriptase (Superscript II, GIBCO͞BRL). The cDNA product (500 ng) of the RT-RNA reaction was used in the PCR reaction under the following conditions: 95°C for 5 min (95°C for 45 sec, 55°C for 30 sec, 72°C for 45 sec) for a total of 30 cycles, and 72°C for 10 min. The sequences of the vector-specific primer pair used in the PCR reaction were nest primer I, 5Ј-CCGTGGCGGTAGGGTAT-GTGTCTGAAAATG-3Ј, and nest primer II, 5Ј-CAGATCG-CAGCAATCGCGCCC CTATCTTG-3Ј. For antitumor studies, the number of melanotic tumor nodules was counted under a dissecting microscope by an individual blinded to the identity of the groups. The total tumor count for each mouse included tumor nodules Ͻ2 mm and Ն2 mm. The potential statistical significance of differences between various groups was assessed by using an unpaired, two-sided Student's t test.
Immunohistochemical Analysis. Immunohistochemical staining of NFB-p65 was performed by using a peroxidase-conjugated avidin-biotin technique with DAKO Universal Autostaining System as described (14) . For monoclonal antibody against p65, microwave antigen retrieval was used and blocked with universal blocking solution (Zymed). Mouse monoclonal or rabbit polyclonal IgG antibody against a recombinant protein corresponding to amino acids 1-286 mapping at the amino terminus of p65 (Santa Cruz Biotechnology) diluted at a concentration of 0.5 g͞ml was incubated overnight at 4°C.
Western Blotting. Ten micrograms of nuclear proteins were electrophoresed onto four SDS͞15% PAGE gels and transferred onto nitrocellulose membrane (Hybond, Amersham Pharmacia). The membrane was blocked with 10% (wt͞vol) nonfat dry milk in Tris-buffered saline [TBST; 10 mM Tris⅐HCl, 0.15 M NaCl, 0.05% (wt͞vol) Tween 20] , incubated with primary antibodies, goat anti-p65 diluted 1:1,000 (vol͞vol) in 10% milk͞ TBST (Santa Cruz Biotechnology), and mouse anti-actin diluted 1:8,000 (vol͞vol) in 10% milk͞TBST (Chemicon) for 1 hr, washed with TBST (3 ϫ 15 min), incubated with specific horseradish peroxidase-conjugated secondary antibody diluted 1:3,000 (vol͞vol) in 10% milk͞TBST (Santa Cruz Biotechnology) for 45 min, and washed with TBST (3 ϫ 15 min). Immunoreactive bands were visualized with an enhanced chemiluminescence kit (ECL, Amersham Pharmacia) and exposed with BioMax ML film (Kodak).
Nuclear Extracts Preparation and Gel Shift (Supershift) Assays. Stable cell lines of B16-pLUC and B16-p65-R were grown in RPMI medium 1640͞5% FBS supplemented with 800 g͞ml of neomycin (GIBCO͞BRL) till confluency and harvested into a buffer containing 10 mM Hepes, pH 7.9͞1.5 mM MgCl 2 ͞10 mM KCl͞0.1% Nonidet P-40͞1ϫ protease inhibitor mixture (Roche Molecular Biochemicals). Nuclear extracts were prepared as described (17) . Briefly, the nuclear pellet was resuspended in a buffer containing 20 mM Hepes (pH 7.9), 1.5 mM MgCl 2 , 420 mM NaCl, 0.2 mM EDTA, 25% glycerol, and 1ϫ protease inhibitor mixture, centrifuged, and the supernatant (nuclear extract) was collected. The protein concentration was determined by using Bradford protein assay reagent (Bio-Rad). All binding reactions were carried out on ice unless otherwise indicated. Five micrograms of protein from each nuclear extract were used in each binding reaction in a total volume of 20 l containing 20 mM Hepes (pH 7.9), 2.5 mM MgCl 2 , 1 mM DTT, 1 g poly[d(I-C)] (Roche Molecular Biochemicals), and 25,000 cpm of end-labeled double-stranded consensus oligo (5Ј-CAGTTGAGGGGACTCCAGGCC-3Ј). End labeling was carried out by using T4 polynucleotide kinase (Promega) with [␥ 32 P]ATP and purified with a nucleotide removal kit (Qiagen, Chatsworth, CA). In the competition assay, 200-fold molar excess of cold double-stranded consensus oligo was added. In supershift assays, 2 g of either anti-p65 IgG (Santa Cruz Biotechnology) or normal rabbit IgG was incubated with nuclear extracts for 1 h on ice before the addition of labeled oligo. Samples were loaded onto a 4.5% polyacrylamide gel (29:1) and electrophoresed with a buffer containing 50 mM Tris (pH 8.5), 0.38 M glycine, 2 mM EDTA, and 0.5 mM ␤-mercaptoethanol at 200 V for 2 h at 4°C. The gel then was dried and exposed to Kodak BioMax film at Ϫ70°C.
Functional Studies. Mitotic and apoptotic figures were counted on 4 m hematoxylin and eosin stained slides with a conventional light microscope. Actual counts of mitotic and apoptotic figures were made from the 10 largest nodules. Apoptotic bodies and mitotic figures were counted according to morphologic criteria described (18, 19) . The apoptotic and mitotic rates were calculated based on the degree of tumor cellularity and expressed as the number of apoptotic or mitotic figures per 1,000 cells. In situ detection of cleaved, apoptotic DNA fragments (TUNEL) was performed by using the TdT-FragEL Detection Kit (Oncogene Science) according to the manufacturer's protocol. The frequency of labeled cells was calculated by counting at least 1,000 cells in areas with the highest number of TdT-labeled nuclei. Matrigel assay and Boyden chamber analysis were performed as described (20) .
Results and Discussion
Hammerhead ribozymes were designed complementary to sequences containing cleavage sites in the p65 and p50 subunits of murine NF-B (21, 22) , and the 35-bp ribozyme sequences were inserted into an HCMV-IE1-driven expression plasmid contain-ing both the EBNA-1 cDNA and the EBV family of repeats (14) . The resulting plasmids, p65-R and p50-R, respectively, expressed the corresponding ribozyme sequences in metastatic tumors, after CLDC-based i.v. injection into tumor-bearing mice, as determined by RT-PCR (Fig. 1A, lanes 3-6) . The effects of CLDC-based injection of p65-R on both target-gene expression and tumor metastasis then were assessed in C57Bl6 mice bearing syngeneic B16-F10 melanoma tumors.
Cationic liposomes complexed to either p65-R, or to the same expression plasmid lacking the 35-bp ribozyme insert, pVector, were injected i.v. into mice bearing metastatic B16-F10 tumors. Injection (i.v.) of p65-R significantly reduced the levels of p65 protein in both metastatic tumor cells and in three different normal lung cell types. Specifically, immunohistochemistry for p65 revealed significant reductions in p65-immunoreactivity in (i) metastatic B16-F10 lung tumors (P Ͻ 0.005), (ii) vascular endothelial cells (P Ͻ 0.0005), (iii) alveolar epithelial cells (P Ͻ 0.05), and (iv) bronchial lining cells (P Ͻ 0.05) from mice i.v.-injected with CLDC-p65-R, when compared with those treated with CLDC-pVector ( Fig. 1 B-E , and Table 1 ). Furthermore, despite the fact that some cells retained p65-immunoreactivity in the p-65R-treated group (Table 1) , the intensity of p65-immunoreactivity was significantly reduced in all cell types from mice injected with CLDC-p65-R (Fig. 1 C and E) , when compared with those from mice treated with CLDCpVector ( Fig. 1 B and D) . p65 staining did not differ significantly between CLDC-pVector-treated mice, CLDC-pLUC (the same plasmid as pVector, but containing the luciferase cDNA)-treated mice, or tumor-bearing mice not treated with CLDC (data not shown). The ability of i.v., plasmid-based ribozymes to reduce NF-B expression most significantly in metastatic B16-F10 tumor cells and in lung vascular endothelial cells is consistent with prior observations showing that these are the two cell types most efficiently transfected in the lung after i.v. injection of CLDC (8, 13) . Immunohistochemical determination of p50 immunoreactivity served as an internal control, as the expression of intratumoral p50 protein did not differ significantly between the lungs of mice treated with CLDC-p65-R (76.0 ϩ 5.3%) vs. CLDC-pVector (86.2 ϩ 3.3%; P Ͼ 0.1). The use of systemic, plasmid-based ribozymes allowed down-regulation of targetgene expression in critical normal cells as well as in tumor cells, thereby permitting a more comprehensive assessment of gene function in vivo than does the inoculation of stably transfected tumor cell lines, which alters target gene expression only in tumor cells.
We then assessed whether CLDC-mediated systemic delivery of plasmids encoding hammerhead ribozymes targeting NF-B could alter the metastatic spread of B16-F10 melanoma cells in syngeneic C57Bl6 mice. CLDC-based i.v. delivery of plasmid p65-R, which reduced p65 expression in the lung, also significantly reduced the metastatic spread of B16 melanoma tumors in mice. Specifically, a single injection of CLDC containing p65-R, 7 days after i.v. injection of 25,000 B16-F10 cells, reduced the total number of lung metastases (P Ͻ 0.025) when compared with tumor-bearing mice treated with CLDC containing pVector ( Fig. 2A) . The anti-p65 ribozyme was as effective as CLDCbased delivery of the murine angiostatin gene, whose overexpression produces significant antimetastatic effects against B16-F10 (8).
Previously, synthetic oligonucleotide-based antisense constructs have been shown to produce significant nonspecific effects in biologic systems, and absolute sequence specificity is not attainable by using phosphorotioate-linked oligomers (10) . Without such sequence specificity, the gene functions identified can, in reality, represent physiologic responses to nonantisense effects. Therefore, we compared the antimetastatic activity produced by systemic delivery of CLDC containing p65-R to that produced by CLDC containing p65-R-mut, a mutated anti-p65 ribozyme plasmid that differed from p65-R by a single base substitution in its catalytic core, required for cleavage activity Alveolar epithelium also demonstrates moderate to intense reactivity of the majority of cells. Vascular endothelial cells and alveolar epithelial cells were identified by using classic microscopic criteria. We have previously shown that endothelial cells are positive for immunoreactivity using antifactor VIII antibodies and negative using anti-cytokeratin antibodies AE1͞AE3, with a reverse expression pattern for alveolar lining cells (14) . (E) Photomicrograph (40ϫ ocular) of p65 immunostaining of lung from the p65-R-treated group. Respiratory (pseudostratified, ciliated) epithelium, stromal cells, and vascular endothelium are largely negative for p65 immunostaining. Alveolar lining cells show minimal, focal reactivity of low intensity (golden-brown). (23) . This single bp substitution abolished the antimetastatic activity of the anti-p65 ribozyme, reducing its activity to that associated with CLDC-pVector (Fig. 2B) . CLDC-based delivery of p50-R also significantly reduced (P Ͻ 0.025) the metastatic spread of B16-F10 (22 Ϯ 7 lung metastases) when compared with p50-R-mut, its single-base mutant counterpart (55 Ϯ 16 lung metastases). This result is in contrast to studies performed with continuous infusions of ribozyme oligonucleotides, in which the mutant ribozyme retained antimetastatic effects (24) . Thus, systemic plasmid-based ribozyme activity seemed to be highly sequence-specific in mice.
To assess the effects of tumor cell-specific blockade of NF-B expression on the metastatic phenotype, B16-F10 clones were stably transfected with either the p65-R plasmid or with pLUC. The resultant stably transfected clones were screened for p65 protein levels by immunohistochemistry using anti-p65-specific monoclonal antibodies. Two clones were selected for further analysis: B16-p65-R, stably transfected with plasmid p65-R that showed 0% of cells strongly positive for p65, and B16-pLUC, stably transfected with pLUC that showed 50-80ϩ% of cells strongly positive for p65 (similar to the level of p65 expression in wild-type B16-F10 melanoma cells). Further evidence of inhibition of p65 expression and functional activity in the B16-p65-R cell line was provided by Western blot analysis (Fig.  3A) and gel shift assay (Fig. 3 B and C) . Specifically, Western analysis showed that p65 protein levels were significantly (3.3-fold, as quantitated by scanning densitometry) reduced in B16-p65-R cells when compared with B16-pLUC control cells. We also performed electrophoretic mobility shift assays using nuclear extracts from B16-pLuc and B16-p65-R cells. Only nuclear extracts from B16-pLuc, but not from B16-p65-R cells, contained a complex that associated with the NF-B binding site (Fig. 3B) . Gel shift assay also showed specific disruption of NF-B DNA binding in the presence of either an excess of cold consensus oligonucleotide (Fig. 3B) or anti-p65 antibody (Fig.  3C) . Suppression of p65 expression in the B16-p65-R clone significantly reduced (P Ͻ 0.0005) the ability of B16-F10 cells to metastasize in C57Bl6 mice (53 Ϯ 10.2 lung tumor metastases) when compared with the B16-pLUC clone (117.6 Ϯ 12.8 metastases). Thus, blocking NF-B expression within tumor cells alone also was able to reduce tumor metastasis significantly.
Several different functional pathways essential to the metastatic phenotype, including tumor angiogenesis, apoptosis, and cell cycle, were evaluated in p65-R-treated and control mice to assess how ribozymes blocking NF-B may suppress the meta- In contrast, tumor invasiveness was significantly inhibited by suppression of NF-B expression. Tumor cell invasion, as assessed by both invasion into matrigel (Fig. 3 D and E) , and by Boyden chamber analysis (Fig. 3 F-H) , was significantly reduced (P Ͻ 0.0005) in B16-p65-R cells when compared with either B16-pLUC cells or wild-type B16-F10 cells. When plated on extracellular matrix, the migrating and invasive B16-pLUC cells (Fig. 3D ) displayed an elongated morphology, compared with the rounded B16-p65R cells (Fig. 3E) . The short 16-h incubation time of the Boyden chamber invasion assay ensured that the fraction of cells stained corresponded to invasive and migratory cells and not proliferative cells (compare Fig. 3F with Fig. 3G ). Thus, blocking NF-B expression altered the ability of tumor cells to invade their surrounding microenvironment but did not significantly alter the level of tumor cell apoptosis or mitosis, nor did it decrease tumor angiogenesis.
Based on these results, CLDC-based systemic delivery of ribozymes in tumor-bearing mice was used to identify genes whose NF-B-regulated expression could play a role in promoting tumor invasiveness. Integrin ␣ v ␤ 3 and PECAM-1 were targeted because they form a ligand-receptor pair (25) , and each are regulated by NF-B (26, 27) . In addition, ␣ v ␤ 3 has been shown to participate in the progression of human melanoma (28, 29) , in part by virtue of its effects on melanoma cell invasion (30) . Finally, given the role of vascular endothelial growth factormediated signaling in tumor invasion (31), CLDC-based delivery of an HCMV-driven plasmid expressing an anti-FLK-1 ribozyme also was investigated. Systemic delivery of the anti-␤ 3 and anti-PECAM-1 ribozymes each reduced the metastasis of B16-F10 melanoma in C57Bl6 mice at least as effectively as did p65-R, the anti-p65 ribozyme (Fig. 4) , suggesting that these adhesion molecules may participate in the invasive phenotype generated by activation of NF-B. Conversely, the anti-FLK-1 ribozyme failed to reduce significantly metastatic spread, consistent with published results (24) .
NF-B can transactivate both genes known to promote metastasis and genes known to inhibit metastasis in tumor cells themselves as well as in critical normal cell types (1) . Therefore, the ability to suppress the expression of NF-B or important NF-Bregulated genes in both tumor cells and in critical normal cells was used to dissect out specific genes and functional pathways that regulate the metastatic phenotype in tumor-bearing hosts. Suppression of target-gene expression in a variety of different cell types is important, because it is becoming clear that tumor metastasis is caused by alterations in gene expression both within tumor cells, as well as within surrounding normal cells (32) . Systemic, plasmidbased ribozymes targeting either the p65 or p50 subunits of NF-B, as well as i.v. injection of tumor cells stably transfected with an anti-p65 ribozyme, demonstrated that the expression of NF-B plays an essential role in promoting the metastatic spread of melanoma. Ribozyme-mediated suppression of NF-B in vivo resulted in antitumor effects against a cell line with wild-type p53 expression, contrary to what would have been predicted from in vitro studies (9) . The loss of NF-B expression in tumor cells decreased their capacities to invade the extracellular matrix. In addition, ribozymes targeting integrin ␤ 3 or PECAM-1, NF-Bregulated genes involved in cell adhesion, also significantly reduced metastatic spread, suggesting that this ligand-receptor pair may, in part, mediate the role of NF-B in promoting both invasion and metastasis. Furthermore, by using ribozymes to target PECAM-1 expression in tumor-bearing mice, our studies demonstrate that PECAM-1 plays an important role in regulating tumor metastasis. Although it is beyond the scope of these studies, the level of suppression of tumor metastasis achieved by a single injection of plasmid-based ribozymes suggests the possible therapeutic utility of this approach. In summary, these studies demonstrate the power of using in vivo, ribozyme-based gene targeting in adult animals for identifying the genes and functional pathways that regulate complex biologic phenotypes. 
